Context: Hippocampal volume is lower than expected in patients with schizophrenia; however, whether this represents a fixed deficit is uncertain. Exercise is a stimulus to hippocampal plasticity.
(Rey Auditory Verbal Learning Test, Corsi blocktapping test), and clinical (Positive and Negative Syndrome Scale) features.
Results: Following exercise training, relative hippocampal volume increased significantly in patients (12%) and healthy subjects (16%), with no change in the nonexercise group of patients (−1%). Changes in hippocampal volume in the exercise group were correlated with improvements in aerobic fitness measured by change in maximum oxygen consumption (r=0.71; P=.003). In the schizophrenia exercise group (but not the controls), change in hippocampal volume was associated with a 35% increase in the N-acetylaspartate to creatine ratio in the hippocampus. Finally, improvement in test scores for short-term memory in the combined exercise and nonexercise schizophrenia group was correlated with change in hippocampal volume (r=0.51; P Ͻ.05).
Conclusion:
These results indicate that in both healthy subjects and patients with schizophrenia hippocampal volume is plastic in response to aerobic exercise.
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S
CHIZOPHRENIA CAN BE CONSIDered as an illness beginning in young adults, but related to a predisposition in brain development. In contrast to other illnesses that may display psychotic features, such as bipolar disorder, schizophrenia is often characterized by incomplete recovery of psychotic symptoms and persistent disability. 1 These clinical features of illness may relate to an impairment of neural plasticity or mechanisms of reorganizing brain function in response to a challenge. 2 Adult neurogenesis is one component of plasticity. Abnormalities of olfactory neurons and of hippocampal granule cell neurons in schizophrenia indicate that impairment in adult neurogenesis could contribute to dysfunction of neural plasticity in schizophrenia. 3, 4 Stimuli to modify olfactory neurogenesis in humans are unclear. However, adult neurogenesis in the hippocampus in healthy humans can be stimulated by exercise. 5 In healthy humans, aerobic exercise resulted in increased hippocampal blood volume, which correlated with improvement in capacity for aerobic exercise. 5 In a parallel study of healthy mice, exercise also resulted in increased hippocampal blood volume, which was correlated with increased neurogenesis. Other studies also indicate increased cardiovascular fitness in humans to be associated with greater activation of cortical networks during cognitive challenges. 6 Although the effects of exercise on hippocampal volume in humans are unknown, several studies indicate plasticity of gray matter volume in humans to be associated with learning and other types of training. [7] [8] [9] Aerobic exercise may be an informative probe into the capacity of the hippocampus for plasticity in schizophrenia.
Smaller volume of the hippocampus is a well-replicated feature of schizophrenia and appears related to neuronal atrophy and loss of neuropil. 10, 11 However, whether hippocampal volume in schizophrenia is static or becomes progressively smaller during the course of illness remains uncertain. 10, 12, 13 Antipsychotic drug treatment does not appear to correct the low hippocampal volume in schizophrenia, although there are few longitudinal studies. [13] [14] [15] There is some indication that changes in medication associated with increases of hippocampal volume over time in schizophrenia are linked with some improvement in symptoms. 16 While the mechanism remains unclear, these findings suggest a degree of preserved plasticity in the hippocampus in schizophrenia.
The present study was designed to test a primary hypothesis that hippocampal volume would increase with exercise in healthy control subjects as well as in patients with schizophrenia. We sought to determine if the hypothesized increase in hippocampal volume in schizophrenia was related to exercise rather than nonspecific effects of participating in research. As secondary objectives, we hypothesized that exercise-induced change in hippocampal volume in schizophrenia might be associated with clinical or cognitive improvement and with an increase of N-acetylaspartate (NAA), a neuronal marker in magnetic resonance spectroscopy (MRS).
METHODS
SUBJECTS
Approximately two-thirds of patients with schizophrenia approached to participate in the study agreed and provided written informed consent. The randomization strategy was designed by an independent statistician. Subjects with schizophrenia were recruited and randomized in blocks of 2 to 4 to an exercise group or a nonexercise group. This strategy was adopted to increase the motivation for adherence to the exercise intervention through participation as a small group, and pairs of subjects were required for the nonexercise (table football) intervention. The person doing the recruitment (T.W.) was unaware of the sequence of assignments, and the person doing the assignments (F.P.) was unaware of the clinical status of the participants. Recruitment and randomization continued until 8 subjects in each group completed the 3-month period of study. We then screened healthy control subjects, with the goal of recruiting a comparison exercise group that would have similar demographics (Table 1 ) (Figure 1) as well as verbal intelligence, body mass index, and weightadjusted peak oxygen uptake (V O 2 ) as the schizophrenia exercise group. Sample size was estimated from previous studies of small groups of subjects with schizophrenia where changes in subcortical structure volumes were demonstrated after switching from typical to atypical antipsychotic drug therapy. 17, 18 The study was carried out from June 2005 to September 2006. was not significantly different between the schizophrenia exercise and nonexercise groups. Symptom severity in patients was measured with the Positive and Negative Syndrome Scale, and raters were blinded to the intervention (exercise or nonexercise). Patients had chronic illness and attended a day hospital program or an outpatient clinic. All patients were taking stable doses of medications for at least 6 weeks. Antipsychotic medications were administered as monotherapy (n=4) or polypharmacy (n=12). Clozapine was taken by 10 patients; 5 patients were also taking antidepressant medications. In the aerobic exercise group, 1 subject was taking a low dose of trimipramine at the start of the study, but this was discontinued by the end. One subject was taking amitriptyline hydrochloride at the start of the study, and this was switched to venlafaxine hydrochloride by the end. Two subjects were taking stable doses of venlafaxine and paroxetine hydrochloride throughout the study. In the nonexercise group, 1 subject was taking a stable dose of mirtazapine throughout the study. Antidepressants were given to improve sleep disturbances, inner restlessness, and anxiety, not for depression. Five subjects in the exercise group and 1 subject in the nonexercise group were taking lorazepam during the study, and 1 subject in the nonexercise group was taking diazepam.
The protocol was approved by the ethics review board of the Medical Chamber of Saarland. All subjects provided written informed consent.
EXERCISE TESTING
Aerobic fitness was tested before and after the full exercise or comparison training interventions. Patients took their morning medication prior to reporting to the laboratory. Testing was executed in a fixed temporal sequence and started at the same time of day in each individual. After recording a 12-lead resting electrocardiogram, incremental cycle ergometry was carried out in 3-minute stages until volitional exhaustion was reached. On the basis of sex, age, body weight, and training history, the initial stage (25 or 50 W) and the stage increment (25 or 50 W) were chosen with the expectation to reach a total exercise duration of at least 10 minutes. This protocol was held constant on an intraindividual basis during all tests of the study. A 6-lead electrocardiogram was recorded every minute during exercise for calculation of heart rate. Blood pressure was measured at each stage after 2 minutes of elapsed time. Gas exchange measurements (MetaMax I; Cortex Biophysik, Leipzig, Germany; mixing chamber system) were carried out throughout the test. Measurements of V O 2 , carbon dioxide output, and minute ventilation took place every 10 seconds. Additionally, arterialized blood samples were taken from the hyperemized earlobe at rest, at the end of each stage, and immediately after cessation of exercise to determine blood lactate concentrations (enzymatic-amperometric method; Greiner, Flacht, Germany). The power output corresponding to a blood lactate concentration of 3 mmol/L (27 mg/dL) was determined by means of linear interpolation. Additional indicators of endurance capacity were the peak V O 2 , the peak power output, and the power output corresponding to a heart rate of 130 beats/min. Maximal heart rate and maximal lactate concentration served as control parameters for the degree of effort being spent to improve assessment of the validity of maximal ergometric measurements.
EXERCISE AND COMPARISON INTERVENTIONS
Training was conducted in a local gym, 3 times per week, over a period of 12 weeks, supervised by one of the investigators. Each session lasted 30 minutes. Patients were required to participate in a minimum of 75% of the sessions. Heart rate was monitored throughout training. The program consisted of cycling at a heart rate (±10 beats/min) corresponding to a blood lactate concentration of about 1.5 to 2 mmol/L (14-18 mg/dL) derived from the results of the pretest. The patients were allowed to stop exercising whenever they felt uncomfortable.
The comparison group of patients played tabletop football for 30 minutes, 3 times per week, in a setting with comparable levels of stimulation to that provided for aerobic exercise. Table- top football enhances coordination and concentration but does not improve aerobic fitness.
COGNITIVE TESTING
To assess the level of premorbid intelligence, the multiplechoice vocabulary test was used. The multiple-choice vocabulary test consists of 37 rows, each including 4 meaningless com- binations of letters and 1 real word. The subject must find the meaningful combination of letters. The test is widely used and is considered to produce reliable and valid information on premorbid intelligence, largely independent of illness or age. 19 Cognitive performance was measured using the German version of the Rey Auditory Verbal Learning Test. 20 Composite measures of short-term memory (STM) and long-term memory (LTM) were based on previous factor analyses of this test. 20 Briefly, a list of 15 words is read to the subject 5 times. After each time, the number of words the subject can recall is recorded. An intrusion list of 15 different items is then presented and must be recalled. The number of words recalled after the first presentation of the original word list and the number of words recalled from the intrusion list were summed as an index of verbal STM. Following recall of the intrusion list, the subject is asked to recall the original list, immediately and after 30 minutes. These 2 measures were summed as an index of verbal LTM. The Corsi block-tapping test 21 is an instrument testing visuospatial STM. The variable of interest is the direct block span, the longest sequence of block positions visualized on a monitor that the subject could repeat in correct order immediately after the presentation. Cognitive performance was tested blinded to intervention type (exercise or nonexercise) for the schizophrenic subjects.
MAGNETIC RESONANCE IMAGING ACQUISITION
Structural magnetic resonance imaging was carried out using a 1.5-T scanner (Sonata; Siemens, Erlangen, Germany). A T1-weighted MPRAGE sequence (echo time=4.42 milliseconds, repetition time=1900 milliseconds, inversion time=700 milliseconds, flip angle = 15°, field of view, 256 ϫ 256 mm) of 176 consecutive slices was acquired with a voxel size of 1ϫ1ϫ1 mm.
STRUCTURAL IMAGE ANALYSIS
Image processing and analysis used the software packages Analyze (1999; Mayo Foundation, Rochester, Minnesota) and SPM99 (Wellcome Department of Cognitive Neurology, London, England) as well as in-house IDL applications. First, the magnetic resonance images were realigned in parallel to the anterior commissure-posterior commissure plane. A single operator drew outlines of the hippocampus on all sagittal slices in which the structure was visible. These outlines were evaluated for accuracy in the coronal and horizontal views. Intrarater reliability for the hippocampal volumes was r=0.95, and comparison with measurements by another rater indicated reliability of r = 0.97. In addition, magnetic resonance images were segmented into gray and white matter and cerebrospinal fluid using SPM99. Subsequently, both the hippocampal volumes as marked by the 2-dimensional drawings and the total brain volumes (overall as well as separately for gray and white matter) were determined using an automatic algorithm programmed in MATLAB (The MathWorks, Natick, Massachusetts) and SPM99. Relative hippocampal volume was computed from absolute hippocampal volume as a percentage of the total brain volume. Structural image analysis was carried out blinded to diagnosis, intervention (exercise or nonexercise), and time (before the training program [t0] or after 3 months when the training program was complete [t3]).
MRS ACQUISITION
Single-volume proton MRS was performed using a spin-echo sequence with water suppression and 128 scan averages (echo time=30 milliseconds, repetition time=1500 milliseconds). A left hippocampus region of interest was defined according to a standardized algorithm with multiple rechecking procedures in a T2-gradient echo image (TrueFISP). The voxel size was 10ϫ35ϫ10 mm 3 and the positions of the voxel were visually inspected and adjusted based on identifiable anatomical landmarks in reference to standard brain atlases. Magnetic resonance spectroscopy data from 3 subjects was excluded because of motion artifacts.
MRS ANALYSIS
The MRS data were analyzed using the manufacturer's standard spectroscopic software. The echo signal was digitized with 1024 data points and a spectral width of 1000 Hz. Postprocessing included zero filling of the time domain data to 2048 data points and apodization with a Hanning function (half-width 700 milliseconds). After Fourier transformation, spectral phasing and a polynomial baseline correction were also performed. The area of metabolite peaks was measured from the frequency-domain spectrum by means of curve fitting to a gaussian line shape. Relative metabolite concentrations for NAA groups, choline-containing compounds, and creatine (Cr)-containing compounds were determined by peak integration. For comparison between subjects, the NAA:Cr peak-area ratio was calculated.
STATISTICAL ANALYSIS
For statistical analysis, SPSS (version 14; SPSS Inc, Chicago, Illinois) was used. All tests were 2-tailed, and the significance level was ␣=.05. Since a small sample size was used, with a repeatedmeasures approach, the analysis was limited to those subjects who completed the study. The primary dependent variable was relative hippocampal volume as a percentage of the total brain volume. Secondary tests to explore the possible mechanism and effects of the volume change used the dependent measures of the hippocampal MRS NAA:Cr ratio, STM, LTM, and Corsi direct block span. In this context, we did not correct P values for multiple comparisons, and the statistical significance of the results must be interpreted as such. All dependent variables were measured at t0 and t3. KolmogorovSmirnov tests were applied to test whether the data were normally distributed. As for all dependent variables, no significant deviations from normality at the 1% significance level were found; parametric tests were used. Two analyses were performed. In the first analysis, measurements for the dependent variables at t0 and t3 of the schizophrenia exercise group and the control group were compared using multivariate analyses of variance with a repeated-measures design (within-subject factor, time and between-subject factor, group). Second, the same analysis was done comparing both schizophrenia groups (aerobic exercise vs table football) at t0 and t3. For the relative hippocampal volume, this analysis was repeated for the patients who were not treated with antidepressant medication. Bivariate product moment correlations were used to analyze whether the change in relative hippocampal volume was associated with the changes in maximum power in watts per kilogram, maximum V O 2 perkilogram(V O 2 max/kg),MRSNAA:Crratio,STM,andCorsi direct block span. Correlations were computed for the combined exercise group and separately for the subgroups.
RESULTS
SUBJECTS
A total of 24 subjects with schizophrenia were enrolled; 13 were randomized to the exercise group and 11, to the nonexercise group. Two subjects in the exercise group and 1 in the nonexercise group withdrew consent be- (REPRINTED) ARCH GEN PSYCHIATRY/ VOL 67 (NO. 2), FEB 2010fore starting the intervention. Three subjects in the exercise group and 2 subjects in the nonexercise group could not adhere to the minimal standard of completing 75% of sessions, and data from these subjects were excluded. There were no statistically significant differences in age, marital status, housing, education, occupational status, height, weight, or body mass index between those subjects who completed the study and those who did not. Noncompleters had higher total Positive and Negative Syndrome Scale scores at screening (F 1,22 = 9.0; P =.007), largely related to higher scores on the general subscale (F 1,22 =14.4; P=.001). In the total completers group, the subjects participated in 86% of the intervention sessions. Rates were similar in the schizophrenia exercise group (85%), the schizophrenia nonexercise group (81%), and the control (exercise) group (92%). Training during each session was observed by research staff and was carried out at the subject-specific level of activity as described in the "Methods" section. There were no adverse events during the study.
CHANGE IN HIPPOCAMPAL VOLUME AND EXERCISE
The overall relative hippocampal volume before exercise in subjects with schizophrenia was approximately 4% smaller than the controls, which was not statistically significant in this small sample. In the combined group of subjects who completed the exercise training, relative hippocampal volume increased by approximately 14% (effect of time: F 1,14 =70.4; PϽ.001). Figure 2 illustrates the quantitative increase of the relative hippocampal volume, and Figure 3 provides a qualitative example of the maximal change. The mean amount of enlargement in the schizophrenia exercise group (12%) was not statistically different from the enlargement in the control group (16%; groupϫtime interaction, F 1,14 =3.4; P=.09). We also analyzed data for absolute rather than relative hippocampal volumes, and the findings and statistical significance were similar. Total brain volume and total gray matter volume did not change after exercise ( Table 2 and Table 3 ). The change in relative hippocampal volume over time in the schizophrenia group was compared between subjects who participated in aerobic exercise and those who participated in the control, nonexercise intervention. The enlargement in the aerobic exercise group (12%) was greater than the difference observed in the nonexercise group (−1%; groupϫtime interaction, F 1,14 =13.8; P=.002). This supports the hypothesis that exercise in the schizophrenia group was responsible for the hippocampal enlargement rather than a nonspecific effect of participation in research. The change in aerobic fitness over time was compared between all subjects who participated in aerobic exercise and those who participated in the nonexercise intervention. The increase in power (watts per kilogram) was higher in the aerobic exercise group (11%) as compared with the nonexercise group (1%). However, there was considerable variability within the total exercise group, and the groupϫtime interaction was not statistically significant (F 1,21 =1.9; P=.18). Similar findings were observed for change in V O 2 max/kg. This measure was higher in the exercise (ϩ5%) compared with the nonexercise (−3%) group, but again the groupϫtime interaction was not statistically significant (F 1,19 =0.9; P=.35).
To examine possible associations between hippocampal volume change and improvement in aerobic fitness more closely, we examined correlations within the total group of subjects participating in aerobic exercise. There was a positive correlation between the change (t3 vs t0) in relative hippocampal volume and the change in fitness parameters ( Because antidepressants can increase the rate of hippocampal neurogenesis in animal models, we performed an additional analysis restricted to patients not treated with antidepressants. There was still a significant increase (t3 vs t0) in relative hippocampal volume (F 1,9 = 16.6; P = .003). Furthermore, the time ϫ group interaction was still significant (F 1,9 = 33.4; P Ͻ .005). For the schizophrenic subjects not taking antidepressants, the change in the relative hippocampal volume in the schizophrenia exercise subgroup was ϩ16%, compared with the change in the schizophrenia nonexercise subgroup of −2%. Figure 2 and Figure 4 illustrate the 
CHANGE IN HIPPOCAMPAL METABOLITES
Magnetic resonance spectroscopy was used to investigate change in hippocampal metabolites in the exercise group. For the NAA:Cr ratio, a statistically significant time ϫ diagnosis interaction was observed (F 1,13 = 8.13; P=.01), indicating that the schizophrenia and control groups differed in response to the exercise intervention. Schizophrenic subjects (n=8) had a 35% increase in the NAA:Cr ratio, while control subjects (n=7) had a 16% lower ratio after exercise. A post hoc analysis indicated the change in the schizophrenia exercise group was statistically significant (P=.04). When only patients not treated with antidepressants were included in the analysis, there was still a statistically significant time ϫ diagnosis interaction (F 1,9 =6.38; P=.03). The increase in NAA:Cr ratio in this subset of the schizophrenia exercise group was 44%, but this was not statistically significant in a post hoc analysis.
The timeϫdiagnosis interactions suggest the mechanism of the exercise-related change in hippocampal volume in patients with schizophrenia and controls could be different. Correlations between the NAA:Cr ratio change and relative hippocampal volume change were not significant (controls: r=0.42; P=.35; schizophrenia exercise: r=0.23; P=.59), and correlations between baseline values of the NAA:Cr ratio and relative hippocampal volume were not significant (controls: r=−0.30; P=.52; schizophrenia exercise: r=−0.11; P =.80).
CHANGE IN MEMORY AND SYMPTOMS
The verbal measure of premorbid intelligence did not differ between the schizophrenia and control groups. Composite measures of memory differed; STM scores were lower in the schizophrenia group (F 1,14 = 35.35; P Ͻ .001). For STM, a statistically significant time ϫ diagnosis interaction was observed (F 1,14 = 9.88; P=.007), indicating that the schizophrenia and control groups differed in response to the exercise intervention. Schizophrenic subjects had a 34% increase in STM score after the exercise program, while control subjects had a 17% lower score after exercise. To investigate the possibility that the improvement in STM in the schizophrenia exercise group was related to nonspecific factors, performance was compared with the schizophrenia nonexercise group. The improvement in the aerobic exercise group (34%) was greater than the change observed in the nonexercise group (6% lower; groupϫtime interaction, F 1,14 =4.95; P=.04).
Mechanisms of memory may differ between schizophrenic and control subjects. We therefore studied the association between change in STM and change in relative hippocampal volume (controlled for total brain volume) within the combined schizophrenia group. For the total schizophrenia group, the change in hippocampal volume correlated with the change in STM (total: r 14 =0.51; PϽ.05). However, this observation must be interpreted with caution as within the individual groups the correlations were not significant (schizophrenia exercise group: r =0.19; P=.65; nonexercise group: r = 0.33; P =.42; control group: r =−0.01; P = .97).
The LTM and Corsi direct block span measures were lower in both schizophrenia groups compared with controls. In the combined exercise group, LTM declined somewhat after the intervention, and Corsi direct block span improved (Table 2 and Table 3 ). However, in the absence of a groupϫtime interaction for either measure in the comparison between the schizophrenia exercise and the schizophrenia nonexercise groups, the interpretation of these findings is unclear. No further analysis of these data was carried out.
The severity of total symptoms of schizophrenia improved somewhat in the exercise group (9% lower) and worsened in the nonexercise group (13% higher). The time ϫ group interaction was significant (F 1,14 = 6.76; P = .02). However, there was no relationship between changes in the Positive and Negative Syndrome Scale total score and hippocampal volumes.
COMMENT
The most robust finding was the exercise-related increase in hippocampal volume in healthy subjects and in patients with schizophrenia. To provide a context, the magnitude of these changes in volume was similar to that observed for other subcortical structures when patients were switched from typical to atypical antipsychotic drug therapy. 16 Exercise-related increases in hippocampal blood volume were reported in healthy subjects, 5 and a similar mechanism may have contributed to the increased tissue volume seen herein. Increased blood volume in animal studies was associated with increased neurogenesis. However, in schizophrenia, the hippocampus differs from healthy subjects, with neuronal atrophy and apparent loss of subsets of neurons and presynaptic proteins. 22, 23 These differences could be a consequence of reduced neurogenesis, stress, obstetric complications, or altered mechanisms of aging. 24, 25 The present finding of an increased hippocampal NAA:Cr ratio only in the schizophrenic subjects suggests that the mechanisms of volume increase related to exercise may differ from healthy subjects, possibly related to differences in the underlying substrate on which exercise is acting. Exercise is believed to act through a series of growth factors to alter neural plasticity, neurogenesis, and angiogenesis. 25, 26 Since NAA is a marker of neuronal integrity, the volume changes after exercise in schizophrenia may be more likely to be associated with the neural compartment. However, we were not able to measure the gray and white matter volumes within the MRS voxels, and our MRS findings in this small sample of 8 patients have to be interpreted with caution.
Pathological studies of the hippocampus in schizophrenia indicate lower neuronal size, possibly fewer neurons of specific types, and lower levels of a range of presynaptic proteins, particularly in the terminal fields of projections from the entorhinal cortex. 11, 27 In adult rodents, newborn neurons become integrated in granule cell layer circuitry and form connections with entorhinal afferents. 28 Recently described evidence suggests adult neurogenesis may be reduced in schizophrenia, and this could contribute to impaired cortical-to-hippocampal connectivity. 3 Reduced neurogenesis could be a consequence of a deficient trophic environment, as genes contributing to schizophrenia such as DISC-1 and BDNF are also associated with effects on neurogenesis. 29 Exercise results in increased levels of neurotrophic factors in rodent hippocampus. 30 A similar mechanism occurring in humans might help to ameliorate a relatively atrophic hippocampus in schizophrenia.
In healthy subjects (both young and old), there is considerable variation in the volume of the hippocampus. Differences in volume between the upper and lower quartiles of groups studied at a single point range from 12% to 21%. 31 Physiological processes associated with changes in hippocampal volume over time in individual subjects could contribute to the large variation seen in groups of healthy subjects. Hippocampal volume loss can be a consequence of exposure to stress, aging, and a host of insults. 25 Enlargement of the hippocampus appears to be associated with specific experiences demanding a high degree of spatial learning, 32, 33 antidepressant treatment in depressed patients, 34, 35 atypical antipsychotic medications in individual patients, 15, 16, 36 and exercise, as seen herein. The change in volume related to exercise in schizophrenia indicates this type of plasticity remains relatively intact. The patients in the present study had chronic illness, many with refractory forms of illness, and the most commonly used medication was clozapine. The effects of clozapine on neurogenesis in animals are somewhat inconsistent, with the possibility that short-term administration of clozapine in low doses may promote neurogenesis. 37, 38 The use of antidepressants in some patients did not appear to have an impact on the results. In rodents, the beneficial effects of antidepressants on electrophysiological measures of neural plasticity related to experience are attenuated by benzodiazepines. 39 The implications of combined clozapine or other medications and exercise are unclear. However, other studies indicate different stimuli to neurogenesis and plasticity, such as exer- (REPRINTED) ARCH GEN PSYCHIATRY/ VOL 67 (NO. 2), FEB 2010cise, environmental enrichment, and antidepressants, appear to work through independent pathways in rodents and may not be synergistic. 40, 41 Patients with schizophrenia may be responsive to individualized interventions capable of increasing plasticity, depending on the nature of the underlying impairments.
The present study has several limitations. Since there is relatively little information concerning the effects of exercise on the hippocampus in even healthy subjects, we chose to investigate a relatively small sample with intensive measures as a test of the concept that exercise could alter hippocampal volume in schizophrenia. We selected a sample of subjects willing to engage in 3 months of relatively demanding physical training and restricted the sample to those with chronic illness taking stable doses of medication. Relating change in the volume of the hippocampus to the cumulative effects of aerobic exercise relies on the accuracy of cross-sectional exercise testing at baseline and at outcome. Exercise testing depends on effort as well as actual fitness. Effort may be variable and could result in apparent reductions in V O 2 max/kg or power watts per kilogram following training if motivation was less at the second testing session. These challenges in using V O 2 max/kg are not unique to the present study; although the measure is widely accepted as a reference value, similar issues occur with cardiac patients. 42 The interpretation of the relationship between change in the volume of the hippocampus and changes in measures of aerobic fitness could also be complicated by antipsychotic drug treatment in the schizophrenia group. Antipsychotic medications with cardiac and peripheral vascular effects (such as chlorpromazine) blunt the acute effects of exercise on cardiac stroke volume and on cardiac output. 43 As well, the effects of exercise on measures of aerobic fitness may also be less in patients treated with drugs having considerable peripheral effects. 44, 45 We observed a relationship between change in hippocampal volume and change in aerobic fitness in the overall group of exercising subjects. Further investigation of this relationship in patients with schizophrenia will need to consider the effects of antipsychotic drugs with different effects on the heart and peripheral vascular system. This also applies to the possible effects of antipsychotic drugs on the interaction between exercise and central metabolism, because both typical and atypical antipsychotic drugs may impair the function of the mitochondrial electron transport chain. 46 Over the time course studied herein, there were only very modest clinical changes that might indicate functional implications of the volume expansion. Previous studies of healthy subjects demonstrated increased brain activation during cognitive tasks following a period of exercise training 6 and better immediate recall during memory testing. 5 The latter observation was not replicated in the small sample of healthy subjects tested herein. Somewhat surprisingly, the changes in cognition expected in healthy subjects were seen in the patients with schizophrenia and correlated with the changes in hippocampal volume. Previous work indicated lower amounts of the presynaptic proteins SNAP-25 and complexin I and II were associated with increased cognitive impairment in schizophrenia. 27, 47 Exercise-induced increases in metabolic and synaptic plasticity-related proteins in the hippocampus could contribute to improved cognitive function. 4 8 However, the changes in cognition observed herein were very modest, and the schizophrenia group remained considerably impaired relative to the healthy subjects. Finally, the observed change in hippocampal volume after aerobic exercise was associated with a relatively large effect size and P value on statistical testing. However, the other secondary measures, including relationships with metabolites and cognitive variables, were associated with P values that would have failed to pass statistical significance if a multiple testing correction was applied, although in some cases the effect sizes were moderate (partial 2 =0.26-0.41). In summary, the present study indicates that the hippocampus in schizophrenia retains a degree of plasticity, at least in response to a specific challenge such as exercise. Further clinical studies are needed to determine if an incremental improvement in the disability related to schizophrenia could be obtained by incorporating exercise into treatment planning and lifestyle choice for individuals with the illness. traZeneca, Eli Lilly, and Janssen. Dr Wobrock has participated in speaker bureaus for Alpine Biomed, AstraZeneca, Bristol-Myers Squibb, Eli Lilly, Essex, Organon, Janssen-Cilag, Pfizer, and Sanofi-Synthélabo/Aventis and received travel or hospitality not related to a speaking engagement from AstraZeneca, Bristol-Myers Squibb, Eli Lilly, Janssen-Cilag, Lundbeck, and Sanofi-Synthélabo and grant/research support from AstraZeneca. Prof Gruber was an honorary speaker for AstraZeneca, Bristol-Myers Squibb, Janssen-Cilag, and Otsuka and has been invited to scientific congresses by AstraZeneca, Janssen-Cilag, and Pfizer. Dr Scherk has accepted paid speaking engagements in industry-sponsored symposia from AstraZeneca, BMS, Eli Lilly, Janssen-Cilag, Pfizer, and Servier and travel or hospitality not related to a speaking engagement from AstraZeneca, Eli Lilly, and Janssen
